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 Chapter 4 
The copper-catalysed allylic 
alkylation with Grignard 
reagents 
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Chem. 2008, 80, 1025. 
Harutyunyan, S. R.; den Hartog, T.; Geurts, K.; Feringa B. L.; Chem. Rev. 2008, 108, 
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4.1   Asymmetric allylic alkylation reactions with thiolato-Cu-
complexes and Grignard reagents  
The first breakthrough in Cu-catalysed asymmetric allylic alkylation (AAA) 
reactions with Grignard reagents was reported in 1995 by Bäckvall, van Koten and 
co-workers1. The addition of n-BuMgI to substrate 4.1 in the presence of a catalytic 
amount (14 mol%) of an arenethiolato-Cu species 4a provided the branched 
product 4.2 in quantitative yield with excellent regioselectivity and moderate 
enantioselectivity (Table 1, 42%, entry 1). The reaction proved to be sensitive 
toward changes in temperature, addition order, solvent, ligand/metal ratio and the 
coordinating abilities of the leaving group in terms of both regio- and 
enantioselectivity (entries 2–4). Subsequently, these results were improved upon 
using ferrocene thiolato-Cu catalyst 4b providing 4.2 in good yield, excellent 
regioselectivity and 64% ee (entry 5)2,3. Extensive structural modification of the 
ferrocenyl moiety in 4b has thus far proven unsuccessful in increasing the 
enantioselectivity of the reaction4. 
Table 1: Cu-catalysed AAA of n-BuMgI to 4.1 using 4a or 4b.1,2,3 













































a 1.5 mol% of n-BuMgI was used. 
4.2   Asymmetric allylic alkylation reactions with Cu-phosphite 
and phosphoramidite complexes and Grignard reagents 
In order to address the selectivity issues impeding the development of the Cu- 
catalysed AAA reaction with Grignard reagents, Alexakis et al tested different 
ligand classes including, phosphites and phosphoramidites5. Phosphite ligand L18, 
CuCN and EtMgCl at –78 °C in CH2Cl2 provided quantitative conversion of 
substrate 4.4 to 4.5 with excellent regioselectivity, albeit in racemic form (Table 2, 
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entry 1). Further studies showed that, for R = Ph and R1 = Cl, the AAA reaction 
could proceed in high yield, high regio- and good enantioselectivity (94% yield, 
94:6 regioselectivity, 73% ee, entry 2). The enantioselectivity could be improved 
further as CuTC (TC = thiocarboxylate) in place of CuCN provided products with 
enantioselectivities up to 82% (entry 3). The complex formed from ligand L18 and 
CuTC proved to be an effective catalyst for SN2’ substitution with several linear 
and secondary Grignard reagents with typically ~50% enantioselectivity. Futher 
studies5 revealed that ligand L19 performed better than ligand L18 when 
secondary Grignard reagents were used (entry 6 vs. 5) and branched products 
were obtained in high yields and ee up to 68%.  
















































L19TCClc-Hex 95 99:1 68i-Pr6
entry
TC L21Ph Cl Et 86b 99:1 968
TC L21Ph Cl 4-pentenyl 81b 91:9 969
L21TCClc-Hex 82b >99:1 91Et10





































a TC = Thiophene-2-carboxylate. b Conversion. 
The highest selectivity was obtained using phosphoramidite ligand L20 (entry 7). 
The observation that phosphoramidite/Cu-complexes catalysed AAA reactions 
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with high levels of regio- and enantioselectivity prompted an in-depth 
investigation of this class of ligands. Alexakis and coworkers reported6,7 that with 
ligand L21 a selective Cu-catalysed AAA reaction occurs with enantioselectivity as 
high as 96% when the substrate cinnamyl chloride 4.4 (entries 8 and 9). A range of 
linear Grignard reagents could be used with excellent regio- and enantioselectivity. 
Cyclic aliphatic substrates were converted to the desired branched products with 
only a slight decrease in regio- and enantioselectivity (entry 10). Substitution with 
MeMgCl remained as experienced before problematic. Although MeMgCl 
substitution products were obtained generally with excellent enantioselectivity, the 
regioselectivity in all cases was moderate. Slow addition of MeMgCl over the 
course of several hours served to increase the regioselectivity typically from 40/60 
to 85/15 ratios in favour of the optically active branched products (γ:α, 89:11, entry 
11) for aromatic substrates bearing electron-withdrawing and electron-donating 
substituents8. It was proposed that this experimental protocol avoids the formation 
of Gilman-type cuprates that may lead to a loss of selectivity.9 The synthetic 
applicability of this method was demonstrated by the formal synthesis of the 
enantiomer of the commercial available drug (–)-Naproxen. The scope of the 
reaction was extended to β-disubstituted allylic halide substrates (Table 3).10  

































































A series of biphenol- and binaphthol-based phosphoramidite ligand/Cu 
complexes were tested in the AAA to β-methylcinnamyl chloride 4.7 with slow 
addition of EtMgBr. The products were formed with varying γ/α ratios and a high 
enantiomeric excess (up to 96% ee, entry 1) was obtained with ligand L20/CuTC. 
Other Grignard reagents provided the branched products 4.8 with equally good 
results (entries 2–4). Electron-donating and -withdrawing substituents on the 
aromatic ring were tolerated providing the products in good yield, γ:α ratio and 
enantioselectivity (entries 5, 6). For R2 = Et, the reaction proceeded as for the 
methyl-substituted substrate (entry 7). For another class of β-disubstituted allylic 
substrates, the aliphatic endocyclic allylic chlorides the addition of a range of 
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Grignard reagents employing 3 mol% of catalyst proceeded selectively toward γ-
substitution and delivered products in excellent enantiomeric excess (Table 4, up to 
99%).10 For the five-membered-ring substrate 4.10 the enantiomeric excess (98%) 
obtained was not dependent on the organomagnesium reagent used (entries 1–3). 


















































Six-membered-ring allylic chlorides were converted with equally good γ:α ratios 
and enantioselectivity (entries 4−6). The selectivity obtained for six-membered-ring 
allylic chlorides was the highest using substrate 4.10 and homoallylMgBr (entry 5). 
Simple difunctionalized substrates used in this transformation offer considerable 
versatility toward further synthetic applications. In particular 1,4-bis-halo-2-
butenes 4.13 provide valuable synthetic intermediates after allylic alkylation.11  
































































a In all cases γ:α 100:0. b Conversion. 
E- and Z-isomers of 1,4-bis-halo-2-butene 4.13 were examined in the asymmetric 
allylic substitution with c-hexylMgCl catalysed by a biphenol or binaphthol-based 
phosphoramidite/CuTC complex. Allylic alkylation of Z-4.13 generally provided 
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products in significantly lower ee compared to E-4.13 (entries 2 vs. 3). Several 
primary Grignard reagents could be used providing enantioselectivities up to 85% 
ee (entries 4−6) in the allylic substitution of substrate 4.13 with ligands L20 or L21. 
Allylic substitutions performed on E-dibromo substrates gave similar or better 
results in terms of enantioselectivity than the dichloro-derivatives with 
phosphoramidite L20 and L21. The highest selectivity was obtained using 
CuTC/L21 (3 mol%) yielding γ-substituted 4.14 product in 70% yield and 94% ee 
(entry 7). When dialkylzinc reagents were employed in place of the Grignard 
reagents, products were obtained with moderate ee (typically 50%). The facile 
conversion of the remaining chloride or bromide functionalities, e.g. via the 
Finkelstein reaction with NaI, demonstrated the synthetic utility and versatility of 
products obtained via this route, but the enantioselectivity still needs considerable 
improvement. 
Recently Carousi and Hall reported12 a method for the h-AAA reaction using 3-
halopropenylboronates 4.16 as substrates. The highest enantioselectivity was 
obtained using CH2Cl2 as solvent, with EtMgBr as the nucleophilic reagent using 
the slow addition protocol with CuTC as the Cu-source (Table 6). 



























































EtM gBr (1.2 equiv)
 
In the presence of ligand L21 or L23 (5.5 mol%), CuTC (5.0 mol%) and using 2,2-
dimethylpropanediol boronate 2 the γ-substituted product 4.17 was obtained with 
excellent selectivity. Carousi and Hall reported a counter ion effect also, as 3-
bromopropenylboronates provided lower enantioselectivity and lower SN2’/SN2 
ratios. Furthermore, a one-pot procedure for the stereoselective aldehyde allylation 
based on the γ-substituted product 4.17 was developed yielding homoallylic 
alcohols e.g. 4.20 and 4.21  with near perfect chirality transfer (Scheme 1). 




1) L23 (5.5 mol%)
CuTC (5.0 mol%)
EtMgBr (1.2 mol%)
CH2Cl2 −78 °C, 6 h
2) BF3OEt2 (0.8 equiv)
−78 °C, 40 h






R = TBDMSO 4.21
(80%), 25:1 E :Z , 94% ee
R = Ph 4.20 (75%)
18:1 E :Z, 92% ee
  
Scheme 1: One-pot procedure carbonyl allylation using chiral boronates.12 
4.3   Asymmetric allylic alkylation reactions with Cu-ferrocenyl 
complexes and Grignard reagents 
Despite the potential of providing useful chiral building blocks for complex 
molecule synthesis, and the availability of a Cu-catalysed AAA for linear 
substrates, until recently the conversion of simple linear aliphatic substrates to 
yield optically active acyclic building blocks, was lacking. Our group has 
employed the ACA (asymmetric conjugate addition) catalyst derived from 
JosiPhos-L12/CuBr•SMe2 in t-BuOMe successfully as a catalyst in the allylic 
alkylation of cinnamyl bromide 4.21 with MeMgBr, affording the corresponding 
product with good regio- and enantioselectivity (Table 7, regioselectivity 85:15, 
85% ee, entry 1)13. When other Grignard reagents such as EtMgBr (entry 2), or 
aliphatic allylic bromides were applied, the regio- and enantioselectivity of the 
reactions were significantly lower. Only a moderate increase in the selectivity of 
these transformations was achieved through detailed optimization of reaction 
conditions. With the related TaniaPhos-L13 ligand (6 mol%) and CuBr•SMe2 (5 
mol%), the allylic alkylation of cinnamyl bromide 4.21 with EtMgBr in t-BuOMe, 
provided only modest regioselectivity and an ee of 32% (entry 3). The selectivity 
was improved considerably using CH2Cl2 in place of t-BuOMe, providing the 
desired γ-substituted product in high yield, good regioselectivity and excellent 
enantioselectivity (92%, 81:19 and 95%, respectively, entry 4). Note that catalyst 
loadings could be reduced to 1 mol% without affecting the selectivity. Under these 
conditions a series of aryl substituted allylic bromides were converted using 
EtMgBr with comparable selectivity. Furthermore, the allylic substitution of 4.21 
could also be performed with n-BuMgBr (entry 5) and unsaturated Grignard 
reagents (entry 6), providing the corresponding products with excellent 
enantioselectivity (up to 95% ee) and good regioselectivity (upto 91:9). Importantly, 
MeMgBr was used successfully as a nucleophile with almost complete control of 
the regio- and enantioselectivity (entries 7–10). The TaniaPhos based catalyst 
proved particularly effective in the AAA to linear aliphatic allylic bromides 
affording, almost exclusively, γ-substituted products with enantioselectivity of up 
to 93% (entries 11 and 12). The synthetic applicability of Cu-catalysed AAA 
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reactions was enhanced further by performing this transformation on protected 
alcohol and amine functionalities.14. 
Table 7: Cu-catalysed AAA with Ferrocenyl based ligands.13,14 
  
entry R1 γ:α ee(%)
1a,b Me 85:15 85











































11 n-Bu 13Me >99:199 92
12 n-Bu 13Et >99:199 93
13 CH2OBn Me 13 94 92>99:5
14a Me 13 72 94>95:5
15 CH2N(Tos)Boc Me 13 96 95>95:5
CH2OTBDPS















6 Ph homoallyl 93 91:9 9513
5 n-Bu 87:13 9413Ph 92
 
a 5 mol% catalyst. b Reaction in t-BuOMe. c Conversion.  
In those particular cases products were obtained with high yields, near complete 
regioselectivity and in excellent enantioselectivity (entries 13–15). Several of these 
reactions were conducted on a preparative scale (7.5 mmol) without a decrease in 
yield, regio- or enantioselectivity. The presence of a benzyloxy group is tolerated 
and the substitution could be performed with a wide range of linear (Me, Et, n-Bu 
and n-Pent), and functionalized (homoallyl and phenylCH2CH2) Grignard reagents 
with equal efficiency. The bulky TBDPS protecting group was tolerated (entry 14) 
and, in the case of MeMgBr, led to even higher (94%) enantioselectivity albeit 
somewhat lower yields (72%) compared to benzyl protected substrates (94%). A 
doubly protected amine moiety is also compatible with the catalyst system (entry 
15). 
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4.4   Asymmetric allylic alkylation reactions with Cu/NHC 
complexes and Grignard reagents 
Okamoto and coworkers reported the AAA reactions of Grignard nucleophiles 
using catalysts derived from CuCl and C2-symmetric NHC ligands.15,16 Treatment 
of 4-siloxy-2-buten-1-ol derivatives 4.25 with n-C6H13MgBr in the presence of Cu-
complexes of chiral NHC ligands (5 mol%) in Et2O at 0 °C, provided the γ-
substituted SN2’ products 4.26 quantitatively, albeit with low to moderate 
enantiomeric excess (Table 8). 







































Catalysts with sterically demanding N-substituents gave the highest levels of 
asymmetric induction. Introduction of additional C2-chirality into the heterocyclic 
component of NHC resulted in an inversion or a decrease in the enantioselectivity 
obtained. Allylic acetates and 2-pyridyl ethers were appropriate leaving groups in 
the substrates suitable for this catalytic system (entries 1, 3 and 4), whereas 
carbamates (entry 2), carbonates and chlorides provided products with low ee. 
Inversion of product configuration was observed where E-allylic substrates were 
used instead of the Z-isomers (entry 4). 
4.5   The mechanism of Cu-catalysed asymmetric allylic alkylation 
reactions 
The mechanisms of many Cu-catalysed transformations remain elusive because of 
the different oxidation states involved and the relative high reaction rates even at 
low temperatures. One of the earliest mechanistic studies on the Cu-catalysed 
allylic alkylation reaction was conducted by Goering et al in 198617. Earlier 
work18,19 concerning the stoichiometric allylic alkylation reaction provided the 
foundation for further studies performed on the Cu-catalysed allylic alkylation 
reaction. The cuprate (A) at the starting point of the catalytic cycle is generated as 
shown (Figure 1). CuL reacts with the Grignard reagent to give the mixed cuprate 
species A. Olefin-cuprate π-complexation20 gives species B and sequential 2 
electron oxidative addition21 under expulsion of the leaving group (OPiv) gives σ-
86   //   Chapter 4 
allyl CuIII-complex C. The regiochemistry is governed by the relative rates of which 
C undergoes reductive elimination Kre, providing product 4.20, and isomerization 
Ki to π−allyl complex D resulting in loss of regioselectivity. In the case of L = CN 
reductive elimination results in formation of stable CuCN together with product 
4.20. In this case the kre/ki ratio is large and regiospecific coupling to the branched 
product 4.20 is observed. If L = R, reductive elimination gives relatively unstable R-
Cu together with product, kre/ki ration is smaller and isomerization by the σ−π 
mechanism becomes important and loss of regioselectivity is observed. This 

































Scheme 2: Mechanism for the Cu-catalysed allylic alkylation with Grignard reagents.17,24 
4.5.1   The catalytic cycle of Cu-catalysed AAA with alkylzinc reagents 
In 2002 a mechanism for the Cu-catalysed asymmetric allylic alkylation with alkyl 
zinc reagents was proposed by Feringa et al 24. In situ mixing of a Cu-salt and a 
chiral ligand formed the catalytically active Cu-complex H. Alkyl transfer between 
the Cu-species and the zinc reagent followed by coordination of the allylic 
substrate generates π-complex I. Oxidative addition and complete allylic 
rearrangement results in σ-allyl-Cu (III) complex J. Fast equilibration into species 
K and L leaves the enantioselectivity and regioselectivity dependent on the relative 
rates of reductive elimination, k1, k2 and k3. If k1 and k2 are smaller than k3 then the 
linear achiral product 4.21 is formed. However, if k3 is smaller than k1 or k2 then 
the branched chiral products 4.20 will be formed. The relative rates of k1 and k2 
govern the enantioselectivity of the reaction.  














































Scheme 3: Mechanism for the Cu-catalysed AAA reactions with organozinc reagents.24 
4.5.2   A tentative catalytic cycle for Cu-catalysed AAA reactions with 
Grignard nucleophiles  
In analogy to the work of Goering, the catalytic cycle proposed for Cu-catalysed 
AAA reactions and taking in account that upon oxidative addition both 
diastereomeric complexes can be formed, we propose the following tentative 
mechanism for the Cu-catalysed asymmetric allylic alkylation to cinnamyl bromide 
with Grignard reagents. 
Previous mechanistic work on Grignard additions involving similar ferrocene Cu-
complexes illustrated that the initially formed pre-catalyst T reacts readily with 
Grignard reagents forming the catalytically active species U (Scheme 4).25 Initial π-
complexation of CuI to the allylic double bond followed by SN2’ type oxidative 
addition to form the σ-complex is likely the next step and has strong mechanistic 
support in the literature.26,27 The diastereomeric σ-allyl-CuIII intermediates Q or Q’ 
then can undergo reductive elimination (k4 or k5) leading to formation of the 
desired SN2’ product and mononuclear CuI species T’. By analogy to our 
mechanistic work on the catalytic asymmetric 1,4-addition25 it is likely that the 
irreversible reductive elimination of intermediates Q or Q’ is the rate determining 



































































Scheme 4: Proposed mechanism of the Cu-catalysed AAA of cinnamyl bromides with 
Grignard nucleophiles. 
step. Theoretical work has suggested that such reductive eliminations may occur 
through an enyl [σ+π]-type structure rather than the more traditional intermediates 
depicted here, however conventional notations cannot easily deal with such 
bonding28. Alternatively isomerization, presumably through π-allyl-CuIII species R, 
can degrade the selectivity by producing Q, Q’ or S. Isomerization to Q and Q’ 
may lead to erosion of enantioselectivity depending on the relative rates of k4 and 
k5 with respect to oxidative addition (k2 and/or k3). Isomerization to species S may 
lead to poor regioselectivity, depending on the rate of k6 relative to other rates, as 
the reductive elimination of S leads to the product of a formal SN2 addition. 
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4.6   Conclusions and outlook 
The copper-catalysed asymmetric allylic alkylation reaction with Grignard 
reagents has seen tremendous progress since the seminal work of Bäckvall, Van 
Koten and co-workers in 1995. To date AAA reactions catalysed by chiral copper 
complexes cannot only be successfully performed on linear, β-disubstituted, 
difunctionalized and cyclic substrates using a wide variety of Grignard reagents, 
but also on allylic boronates. Although not the first in its kind (h-AAA reaction) it 
does show that the copper-catalysed asymmetric allylic alkylation reaction may be 
more versatile than previously anticipated. The most successful ligands employed, 
phosphoramidites and ferrocenyl ligands, seem to be complementary since the 
more sterically congested ferrocenyl ligands outperform phosphoramidite ligands 
when simple linear substrates are used, while phosphoramidite ligands are more 
successful when sterically demanding substrates are being used. Furthermore, 
although good selectivities have been obtained with relatively simple Grignard 
reagents a catalyst that allows substitution with sterically demanding Grignard 
reagents with high stereoselectivity is still lacking in particular when ferrocenyl 
ligands are used. 
The mechanism of the copper-catalysed asymmetric allylic alkylation has not yet 
been clarified. However, based up on closely related work on the Cu-catalysed 1,4-
addition and Cu-catalysed AAA using zinc reagents, a tentative mechanistic model 
was proposed for the Cu-catalysed AAA using Grignard reagents. 
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